





























































































































































































瑠 一溜 一環+Eq・喘4・ ω・(ち・の
－HgR－顧+⇔ 〈一
(2ルfjCt)i/h)レ2〉(瑚)(・)

























































































































































































































































































F(ω)㍉ 三 ・xp卜 ・(・E+1)]・(・・[fi(万+1)]1/2)
×[(n+1)/万]"2,(28)
with










































VR(Q)一 隅 ω2(QQ・)・+・ ・n…(36・)
and
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l・・ 一 階)v`exp[一 袈Q2] ,(…)
1・'〉一 曙)v4・xp[一¥t(Q・-Q)2] ,(・ ・b)
and
iii-R(X。1.X。){・xp[-R(X・-Xl)]一 ・xp[-R(X・-Xt)]}























































































































ω 岬,一(ん 吻 ・)ve・ndω 、(。,一(lei/2m・)ve・(60)
wherempistheprotonmass.Substitutingeqs.(60)into(57),onecangettherelations
















ζ－e・㌃鵠 辛i㌃‡8祭 ≡鵠 ,(63)









… 一]語 路 ・12exp[－S(2n+1)]
・ ・p(・S[万(万+1)]1・2)(η;1)pn (64)
with

















































































































































…=・ ・…1・15λ 癬 弄)i。 ξ ・xp卜(AE－ λ4λんβTξ)2],(74)
inunitofs-1,where
ξ=(h;/2kβT)coth(hEIJ/2kβT).(75)
Thisformulawillbeusedtocalculatelifetimesofelementary(ET)processesinthe
reactioncentercomplexinthenextpaper.
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6.C.ComparisonswithOtherExperirnents
HoffmanetaL[64]havestudiedlong-rangeelectrontransferbetweenchromop-
horesusingmixed-metal[Zn,Feln]hybridhemoglobins.Flashphotoexcitationofclosed
～shellzincprotoporphyrin(ZnP)toitstripletstateinitiatestheprimaryprocessofET
totheaquaferriheme(FeiiiP):itsrateconstantk,wasmeasuredasafunctionof
temperature.Astheresultofleast-squaresfitofthedatatoeq.(74),HoffmanetaL
obtainedasetoftheparameters:海 ω=0.047eV,(AE－ λ)2/4λ=O.244eVandkRp=1.76
×1016×7言p(eV)2/厄s-1=2.14'×105s-1.Iftheintermediateproductsofthe
reaction,ZnP+andFeliP,areintheirgroundstates,AE≒0.8eV,resultinginλ=2.3eV
(anotherrootO.27eVisinappropriate)andPtRp≡(3～4)×10-6eV.
Thebindingenergyofthisreactionmaybbestimatedfromtheenergylevelofcytc
re】ativetothe"conductionband"miniMum(～1.55eV)minustheactivationenergyO.
244eV,i.e.Xlた1.31eV、Althoughthespacialedge-to-edgeseparationisabout25-4
×2=17A,theeffectiveETpath】engthRseemstobesomewhat!argerthanthis.
AssumingthattheETpathwayinvolvesoneintermolecularH-bondwith～Vp=1,Zp=
0.3andωp=0.062eV,weinverselyestimateRfromtherelation7高 ≧1.16Sltpwitheq.
(48)(a=b=8A).TheresultisRz20±lA.Thisvalueseemstobereasonable.In
thisreaction,however,wecannotneglectthedirectelectron-tunnelingmechanism[22]
sinceTDAofeq.(59)isestimatedtobeabout3.8xlO-6eV(forXl=1.31eV,R=20A,
anda=b=8A),w .hichisaslargeasTRI}lp=3.6×10-6ev.
PotasekandHopfield[23]triedtoverifyexperimentallythevibronicallyassisted
electron-tunnelingbymeasuringtheposition,width,andmolarextinctioncoefficientof
aweakcharge-transferopticalabsorptionbandintheboundmodelsystem,cytopchrome
c-Fe(CN)6,atroomtemperature.TheauthorsderivedempiricallytheETmatrixelement
asPtRP=1.70×10-2/、Ro(A)evwhereRoisthedistancebetweenthecentersofthe
donorandacceptor(10くRo<25A).Here,itshouldberememberedthatthesame
cytochromec-Fe(CN)6systemhasbeenexaminedbyMcCrayandKihara[10]to
demonstratethatthe21/2isotopeeffectof(62)isapproximatelyfothndintheoxidation
reactionofreducedcytochromecbyferricyanide.IftwoH-bondsareinvolvedintheET
pathway(Np=2,Zpた0.3andカ ωp=0.062eV),wegetfromeq.(73)PtRp=1.64SkpeV.
Thisrelationtogetherwitheq.(48)leadstoanequation
1～01～=3.53×10-2Xlexp(0.514X`1～),(76)
whereweputa=8A,andb=5A.Foragiven1～o,RmustbelargerthanRo-(α+b)
/2=Ro-6.5A.Ifthecytochromecandtheferricyanidearetightlybound,Ro鴛19±
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lA.Theneq.(76)gives1～=14.1±0.1Af6rxf=1.4evand1～=14.9±0.lAforx～
=13eV .Theseparametersseemtolieinareasonabierange.Fromeq.(59),wecanverify
thatthedirectelectrontunnelingprocesscanbeneglectedinthisreactiqn(e.g.TDA=
1.8×1『4ev<<R姦=8.9×10-4evforRo=19A,R=14.lAandx?t=1.4ev).
6.D.Summary
Inthispaper,wedemonstratedthattheDETIPmechanismcanovercomethe
conventionalelectrontunnelingmechanismwhentheelctron-P-modephononcoupling
isenhancedowingtothequasi-onedimensionalityoftheETpathway.Inthecytochrome
coxidationreactionby(BChl)『,thepredominantP-modewasindicatedtobetheout
-of-planetorsionalmotionofintermolecularH-bondsincludingawatermoleculealong
thepathway.WeshowedthatsuchadeuteriumisotopeeffectasdiscoveredbyMcCray
andKihara[9,10]cangenerallyoccurwhenthefrequencyofthetorsionalmotionis
sufficientlylowandtheprotonisexchangeablewithadeuterium.Anotherimportant
aspectoftheDETIPmechanismistheQ'-dependentETmatrixelementwhichcanbring
anappreciablenegativeactivationenergytotheETprocesswhentheenergygapis
nearlyequaltothereorganizationenergy.Inthereactioncentercomplex,therearetwo
examplesforsuchcases,namelythesecondaryortertiarystepofchargeseparationBPh-
→QA ,andthechargerecombinationprocess,Q瓦 →(BChl)i.Thesereactionswillbe
treatedinaforthcomingpaper.Inthispaper,however,wecouldneglectthiseffectsince
wetreatedonlythereactionsinthenormalregionfarfromtheactivationlesscase.
ToformulatetheP-modephonon-inducedelectrontunnelingthroughbridging
chains,weadoptedinthispapertheroughcrude-Born-Oppenheimerapproximationand
thesimplifiedmodelofdouble-wellpotential,completelyignoringthesuperexchange
mechanismthatarisesbecausetheelectronisnotgoingthrough"conduction"statesbut
goingthroughintermediatelocalizedunoccupied-molecular-orbitals.Therefore,thepre・
sentresultshouldnotbetakenasquantitativejustificationoftheproposedmechanism,
butashavingsomewhatqualitativemeaning.Amorecompleteformulationwillbegiven
elsewhere.
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